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ABSTRACT Positional cloning has already produced the
sequences of more than 70 human genes associated with
specific diseases. In addition to their medical importance,
these genes are of interest as a set of human genes isolated
solely on the basis of the phenotypic effect of the respective
mutations. We analyzed the protein sequences encoded by the
positionally cloned disease genes using an iterative strategy
combining several sensitive computer methods. Comparisons
to complete sequence databases and to separate databases of
nematode, yeast, and bacterial proteins showed that for most
of the disease gene products, statistically significant sequence
similarities are detectable in each of the model organisms.
Only the nematode genome encodes apparent orthologs with
conserved domain architecture for the majority of the disease
genes. In yeast and bacterial homologs, domain organization
is typically not conserved, and sequence similarity is limited
to individual domains. Generally, human genes complement
mutations only in orthologous yeast genes. Most of the posi-
tionally cloned genes encode large proteins with several
globular and nonglobular domains, the functions of some or
all of which are not known. We detected conserved domains
and motifs not described previously in a number of proteins
encoded by disease genes and predicted functions for some of
them. These predictions include an ATP-binding domain in
the product of hereditary nonpolyposis colon cancer gene (a
MutL homolog), which is conserved in the HS90 family of
chaperone proteins, type II DNA topoisomerases, and histi-
dine kinases, and a nuclease domain homologous to bacterial
RNase D and the 3’-5" exonuclease domain of DNA polymerase
I in the Werner syndrome gene product.

Significant progress has been recently achieved in positional
cloning and sequencing of human genes mutated in individuals
with specific diseasesll; as of Aug. 1, 1996, the list of such genes
consisted of 70 items (refs. 1-3; http://www.ncbi.nlm.nih.gov/
XREFdb/). These genes are of major interest, and not only
because of their importance for understanding the mecha-
nisms of the respective diseases. Positionally cloned genes have
been isolated solely on the basis of the phenotypic effect of
mutations, rather than biochemical properties of the product,
tissue specificity, or expression level. Therefore, in spite of the
relatively small number of the sequenced positionally cloned
disease genes, they may be a representative sampling of human
genes for simple Mendelian traits (ref. 4; http://www.ncbi.
nlm.nih.gov/Omim/). Thus analysis of structural features and
evolutionary conservation of the disease gene products may
yield information of general significance.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright © 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424/97/945831-6$2.00/0
PNAS is available online at http://www.pnas.org.

5831

The complete genome sequences of several bacteria, an
archaeon, and a unicellular eukaryote, the yeast Saccharomy-
ces cerevisiae, have been determined recently (5); over 50% of
the genome sequence of a multicellular eukaryote, the nem-
atode Caenorhabditis elegans, is also available (ref. 6; http://
www.sanger.ac.uk/~sjj/C.elegans_Home.html). Crossrefer-
encing of human disease genes with their homologs in model
organisms whose genomes have been completely or nearly
completely sequenced is now a major source of information for
understanding functions of these genes (7, 8). A critical issue
in using model organisms, which can be addressed in a
definitive way only by analysis of complete genome sequences,
is the identification of orthologs of human genes. Orthologs are
genes in different species related by vertical descent from a
common ancestor and normally performing the same function,
as opposed to paralogs, which are genes in the same species
related by duplication (9). Without complete genome se-
quences, identification of orthologs could be only preliminary,
as the closest relative of any particular human gene could
reside in the unsequenced portion of the model genome.

Most of the positionally cloned genes encode large, multido-
main proteins, some of which do not contain known enzymatic
domains. Detection of functionally relevant sequence similarities
in such proteins requires careful delineation of distinct domains
and sensitive procedures to detect conserved motifs (10-12).
Case studies indicate that increasing the repertoire and sensitivity
of methods for motif detection and structural modeling indeed
tends to reveal putative functional sites that escape detection with
standard approaches (e.g., refs. 13-15). Thus systematic charac-
terization of all disease gene products by detailed computer
analysis appears timely.

In this study, we pursued three main goals: (i) determine the
general features of the disease gene products such as the arrange-
ment of predicted globular and nonglobular domains, subcellular
localization, and evolutionary conservation; (ii) identify orthologs
and paralogs in model organisms, namely nematode, yeast, and
bacteria; and (iif) detect previously uncharacterized domains and
motifs and predict their functions.

MATERIALS AND METHODS

Databases. Information on positionally cloned disease genes
and various aspects of the respective diseases is available in the
MIM database (ref. 4; http://www.ncbi.nlm.nih.gov/Omim/).
The nonredundant (NR) protein sequence database at the
National Center for Biotechnology Information (NCBI, Na-
tional Institutes of Health, Bethesda, MD) was used for
general purpose sequence similarity searches. The dbEST
database (16) was used to detect similarities to expressed
sequence tags. The database of C. elegans gene products,

Abbreviation: NR, nonredundant.
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IThese genes are frequently referred to as “disease genes,” and for the
sake of brevity, we will use this expression in the rest of this paper.
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wormpepll (7,299 sequences), was obtained from ftp://
ftp.sanger.ac.uk/pub/databases/wormpep. The NR database
of yeast proteins (6,141 sequences) was constructed at the
NCBI using the data from the Saccharomyces Genome Data-
base (Stanford University; http://genome-www.stanford.edu/
Saccharomyces); the yeast genome sequence translated in six
reading frames was searched to detect possible similarities to
unannotated proteins. A bacterial protein sequence database
(44,617 sequences) was constructed by selecting all eubacterial
sequences from the NR database using Entrez (17). The
sequences of positionally cloned human disease genes were
extracted from the NR database; a FASTA library of the
encoded protein sequences is available at http://www.ncbi.nlm.
nih.gov/Disease_Genes/.

Sequence Analysis: Strategy, Methods, and Significance
Criteria. For database searches, we adopted an iterative
strategy whereby sequences similar to the protein of interest
are extracted from the database, and the search procedures are
iterated until convergence (12). Additional database searches
were performed after partitioning protein sequences into
distinct domains. Globular and nonglobular domains were
predicted based on sequence complexity, using the SEG pro-
gram with the parameters L(1) = 45, K>(1) = 3.4, K»(2) = 3.75
(18). Database search then was performed individually with
the sequence of each of the predicted globular domains. For
detection of subtle sequence similarities, an important param-
eter is the size of the database searched; databases of nema-
tode, yeast, and bacterial proteins were used in an attempt to
increase the search sensitivity (12).

Protein sequence databases were searched for pairwise simi-
larity using the BLASTP and BLAST2 programs (19, 20). Nucleotide
sequence databases translated in six reading frames were
searched using the TBLASTN program (19). The BLAST programs
estimate the statistical significance of local alignments produced
by database searches using the extreme value distribution statis-
tics for a single alignment segment and the sum statistics for two
or more compatible segments. In BLAST2, the statistics have been
modified to include gapped local alignments (20). The values of
the probability (P) of obtaining an alignment with a given score
by chance computed by BLAST are reliable as long as regions of
biased composition (low complexity) do not contribute to the
alignment scores (21). In our analysis, filtering for low-complexity
regions was applied twice, first with parameters tuned for the
detection of nonglobular domains (see above) and then with the
standard parameters optimal for eliminating short, widespread
low-complexity segments [L(1) = 12, Kx(1) = 2.2, K»(2) = 2.5].
With these parameters, a P value of 0.001 or less was considered
a strong indication of homology. Alignments in the “twilight
zone,” namely those that were detected with the default BLAST2
parameters but had an associated P value greater than 0.001, were
further evaluated using iterative BLAST2 searches and methods for
motif and multiple alignment analysis (12).

The program PSIBLAST (Position-Specific Iterative BLAST)
was used to search the database iteratively, until convergence,
with position-specific matrices derived from the original
BLAST2 output and modified after each iteration (S. F. Alt-
schul, A. A. Schaffer, T. Madden, and D. J. Lipman, personal
communication). The P values computed by PSIBLAST are
comparable to those produced by BLAST and BLAST2. Alter-
natively, conserved sequence blocks were extracted from
BLAST outputs using the CAP program (22), or from multiple
sequence alignments, using the MACAW program (23). The
blocks were used for iterative motif searches with the MoST
program, with the cutoff set asr = 0.02 or» = 0.01 (22). Hidden
Markov models were constructed from multiple alignments
and used for iterative database screening with the local version
of the Needleman-Wunsch algortihm (24).

Other Methods. Protein secondary structure and transmem-
brane helices were predicted using the PHD program (refs.
25 and 26; http://www.embl-heidelberg.de/predictprotein/

Proc. Natl. Acad. Sci. USA 94 (1997)

predictprotein.html). Signal peptides were predicted using
the SignalP program (ref. 27; http://www.cbs.dtu.dk/
services/SignalP/). Coiled-coil regions were predicted using
the COILS program (ref. 28; http://ulrec3.unil.ch/software/
Coils_form.html).

RESULTS AND DISCUSSION

Protein Size and Domain Architecture. The set of position-
ally cloned disease genes products is enriched in large proteins
with more than one predicted globular domain separated by
nonglobular spacers, compared with the 3,475 human protein
sequences contained in SWISS-PROT, Release 33.0 (Fig. 14 and
B; ref. 29). This is not unexpected as certain classes of proteins,
e.g., immunoglobulins, and metabolic enzymes, are over-
represented in SWISS-PROT. In a number of disease gene
products, the multidomain organization is manifest at the level
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FiG. 1. Features of human positionally cloned disease gene products.
The vertical axis in each panel indicates the percentage of the analyzed
protein set. (4) Protein size classes. 1, Positionally cloned disease gene
products; 2, human proteins from swiss-PROT. (B) Domain organization.
1, Positionally cloned disease gene products; 2, human proteins from
swiss-PROT. The horizontal axis indicates the predicted globular domains,
with the lower size limit of 20 amino acid residues. (C) Sequence
conservation. 1, All sequence similarities; 2, orthologs.
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Table 1. Previously undetected domains and motifs in human positionally cloned disease gene products
Disease gene
product/
Segmentation/ Method(s) of detection Other domains, Ortholog candidate} and paralogs in
Signal peptide*  Previously unknown domains and significance; Predicted motifs, and C. elegans (C), yeast (Y), bacteria (B);

GenBank/OMIM or motifs additional evidencef function/activity functions matches with ESTs (E)§

Autosomal Two conserved domains: i. in  BLAST2 Intracellular signal SH3 domains; C: ortholog not found; paralogs of SH3
chronic several phosphatidylinositol P=3x10"° transduction NADPH domains only (e.g. CE01784) and of
granulomatosis  3-kinases (U52192; (SCD2_SCHPO) oxidase BEM1-SCD2 domain only (CE05832)
disease Z769660); ii. in yeast BEM1 activator Y: no ortholog; paralogs: BEM1
protein/ and SCD2 proteins (not (Bem/Scd2- and SH3 domains are
390:202-170-18  detected previously) swapped as compared to human disease
M55067/ gene), several proteins with SH3 domain
306400 only, e.g. YHLO02w

B: not found
E: Human +; mostly SH3 domains

Barth syndrome A conserved motif in bacterial BLAST2 Hydrolytic Predicted C: CE03830
(tafazzin)/292:  RadC P = 0.31 (E. coli enzyme; RadC secreted Y: P9659.5
Signal peptide RadC, gil78795) is involved in protein B: ortholog not found; paralogs—

32-33 HMM built from the DNA repair but RadC family
X92762/ alignment of tafazzin such a role is E: Human +
302060 with nematode and unlikely for

yeast homologs—14 bits  tafazzin given

with RADC_BACSU the presence of

compared to 11.5 bits a signal peptide

for first false positive;

conservation of

putative active Glu and

His

Hereditary Putative ATP-binding domain BLAST2 ATPase, possibly  Protein C: ortholog not found
nonpolyposis shared with HSP90, signal = 0.055 with autophos- involved in Y: MLH1_YEAST, PMS1_YEAST
colon cancer transduction His kinases, (CHVG AGRTU) phorylating mismatch B: MutL/HexB family

mutL and type II topoisomerases PSIBLAST P ~ 10~* activity repair E: Human + Mouse + C. elegans +
homolog)/756:  (Fig. 2A) (numerous histidine

330-78-348 kinases, HSP90, and

U07418/ topoisomerases) MoST

120436

Ocular 7TM receptor (previously BLAST2 Putative None C: ortholog not found; weak similarity to
albinism/424: thought to contain 6 = 0.006 G-protein- CE03862
104-320 transmembrane segments) (VIPS HUMAN) coupled Y: no ortholog or paralogs
748804/ P =0.01 receptor B: ortholog not found; limited similarity to
300500 (CARI1_DICDI, YSCS_YERPE

cAMP receptor) E: human +
PHDhtm

(transmembrane helix

prediction)

Obesity factor C-terminal motif conserved in BLASTP Possible Secreted C: ortholog not found; conserved motif in
(leptin)/ inositol-phosphate synthases P = 0.91 involvement protein; inositol phosphate synthase (C47D12.9,
167:96-71 (INO1_YEAST) in inositol helical gi €225658)

Signal peptide MoST—motif from signaling cytokine Y: no ortholog; conserved motif in inositol-
21-22 inositol-phosphate phosphate synthase (YJL153c)
U18915/ synthases detects leptins B: ortholog or paralogs not found
164160 without false positives, E: Human +
r = 0.001 (P = 0.003)

Spinal muscular  2X repeat also found in BLAST2 Repeat motif None C: ortholog not found; CE02626 (ortholog
atrophy/294: Drosophila TUD (10X P = 0.012 may be of p100) Y: no ortholog or paralogs
171-95-28 repeat) and HLS proteins, (TUD_DROME) involved in B: ortholog or paralogs not found E:
U18423/ and in human p100 MoST—tudor repeat regulatory human + mouse +
253300 transcriptional coactivator motif detects the spinal interactions

muscular atrophy
protein without false
positives, r = 0.01

Spinocerebral Domain conserved in rat BLAST2 Role in — None
ataxia type-1 HBP1 transcription P = 107 (HBP1, transcription
protein regulator 2i[1488627) regulation?

Thomsen A domain, in the cytoplasmic PSIBLAST Unknown; Voltage-gated C: orthologous family of chloride channels,
disease' 988: portion, also found in P=2x10"° effector chloride mcludmg CE01212; IMPDH-associated
118-85-413- nositol-5-phosphate (hypothetical binding? channel domain in several enzymes
177-88-107 dehydrogenases (IMPDH) Methanococcus Y: YJR040wY, the orthologous candidate, is
725884/ as a separate, noncatalytic Jannaschii protein, a putative chloride channel with modified
160800 subdomain in their known 2i[1591551) IMPDH-associated domain

three-dimensional structure, B: ortholog not found; YADQ_ECOLI is a
in cystathionine 8 putative chloride channel without
synthases, AMP-regulated IMDPH-associated domain

protein kinases, and several E: Human +

other enzymes and

uncharacterized proteins

Werner N-terminal nuclease domain ~ BLAST2 Nuclease- RecQ-like C: ortholog not found; both domains
syndrome/ related to PM-SCL P=6X10"7° helicase helicase present, but in separate large proteins
1432: autoantigen, bacterial (RNAase D, involved in domain (highest similarity to YO63_CAEEL
274-47-57-148- RNase D, and 3'-5’ Synechocystzs sp., repair and YMR1_CAEEL)

528-106-272 proofreading exonuclease 2i/1001530); Y: no ortholog; RecQ-like helicases
L76937/ domain of bacterial DNA PSIBLAST P = 5 X 1073 (e.g. SGS1_YEAST)
277700 polymerase I (Fig. 2B) (DPO1_HAEIN, DNA B: ortholog not found; RecQ helicases

polymerase I from H.
influenzae)

and RNaseD
E: Human + plants + (helicase domain
only)

*The total length (number of amino acid residues) of the protein and the lengths of the predicted globular and nonglobular (underlined) domains are indicated; the
position of the cleavage site for predicted signal peptides is shown; the GenBank accession number and the NCBI ID are indicated for each disease gene product.
TThe SWIss-PROT name (with underline) or the NCBI ID is indicated for homologs.

£Orthologs are shown by bold type.

8+ indicates 1-20 homologous expressed sequence tags (ESTs) from the given taxon; ++ indicates >20 ESTs.
TFanconi anemia gene codes for a protein with similar functions and domain structure (FACC_HUMAN); it is more likely to be the ortholog of YJR040w than the
Thomsen disease gene product; the conserved domain, designated CBS (after cystathionine B synthase), has been recently described independently (30).
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A

consensus UU+EUU-NOUDA UxUxDRGxGUx+~~UxxUU UGxx6Gx0UxSxxxUOX+UTUXT

N D s
MLH1_HUMAN 30 AIKEMIENCLDA 16 IQIQDNGTGIRKEDLDIVC 19 YGFRGEALASISHVA-HVTITT 639
PMS1_YEAST 57 AVKELVDNSIDA 16 IECSDNGDGIDPSNYEFLA 19 LGFRGEALSSLCGIA-KLSVIT 760
MLH]1_YEAST 27 ALKEMMENSIDA 16 LQITDNGSGINKADLPILC 19 YGFRGEALASISHVA-RVIVIT 154
HEXB_STRPN 26 VCKELVENAIDA 16 VQITDNGHGIAHDEVELAL 19 LGFRGEALPSIASVS-VLTLLT 536
MUTL_ECOLI 25 VVKBLVENSLDA 16 IRIRDNECGIKKDELALAL 19 LEFRGEALASISSVE-RLTLTH 503

HTPG_HAEIN 36 FLRELISNASDA 33 ITISDNGIGMTREQVIDHL 25 IGQFGVGFYSAFIVADKVIVKT 484
HTPG_BACSU 27 FLRELISNSSDA 33 LTISDTGIGMTKDELEQHL 23 IGQFGVGFYAAFMVADVVTVIS 490
HS90_THEPA 36 FLRELISNASDA 33 LTIEDSGIGMTKADLVNNL 23 IGQFGVGFYSAYLVADKVTVVS 575
HS90_CANAL 32 FLRELISNASDA 33 LEIRDSGIGMTKADLVNNL 23 IGQFGVGFYSLFLVADHVOVIS 576
HS9A_HUMAN 42 FLRELISNSSDA 33 LTIVDTGIGMTKADLINNL 23 IGQFGVGFYSAYLVAEKVIVIT 580

structure hhhhhhhhhhhh eeeeelllllll1111111 1111llhhhhhhhhhllllleee

* * * * x
GYRB_ECOLI 42 VVDNAIDEALAG 14 VSVQDDGRGIPTGIHPEEG 25 GGLHGVGVSVVNALSQKLELVI 673
TOPB_HUMAN 109 ILVNAADNKQRD 16 ISIWNNGKGIPVVEHKVEK 25 GGRNGYGAKLCNIFSTKFTVET 1424
TOP2_DROME 68 ILVNAADNKQRD 16 VSVWNNGQGIPVIMHKEQK 25 GGRNGYGAKLCNIFSTSFTIVET 1355
GYRB_HALSQ 43 VVDNSIDEALAG 14 VSVTDNGRGIPVGTHEQYD 25 GGLHGVEVTVVNALSSELEVEV 508
PARE_ECOLI 41 VIDNSVDEALAG 14 LEVIDDGRGMPVDIHPEEG 25 GGLHGVGISVVNALSKRVEVNV 499

SPHS_SYNP7 266 LWLNLVDNAIRH 19 CDLYDDGPGFADADLPYLF 19 SPGSGLGLAIARQVVEAHQOGRI 38
PHOR_BACSU 470 VFLNLVNNALTY 19 IEVADSGIGIQKEEIPRIF 13 SGGTGLGLAIVKHLIEAHEGKI 24
PILS_PSEAE 423 VLSNLVONGLRY 24 LEVIDDGPGVPADKLNNLF SKGTGLGLYLSRELCESNQARI 24
PHY1_TOBAC 1013 VLANFLLVCVNS 28 VRISHTGGGVPEELLSOMF ASEEGISLLISRKLVKLMNGEV 25
ENVZ_ECOLI 339 AVANMVVNAARY 17 FQVEDDGPGIAPEQRKHLF 11 ISGTGLGLAIVQRIVDNHNGML 165

[N

motif N “el” “62” activity
mutation + kinase -, phosphatase +

+ kinase -, phosphatase =

+ kinase -, unstable
+ + kinase -, phosphatase -
u X Xx~UxxxUxxxxxUOUDXExxxU xxxxOxUxUUQUxUxE
WRNp 59 SDCSFLSEDISMSLSDGDVVGFDMEWPPLYNRGKLGKVALIQLCVSE 17
RND/SYNSP 11 VFDYDLPEDVCQQOLLACKEVAVDTETMGL- - NPHRDRLCLVQICDPE 17
RND_ECOLI 5 ITTDDALASLCEAVRAFPAIALDTEFVRT- - RTYYPQLGLIQLFDGE 15
RND_HAEIN 32 VyTDNTALLEVCNLAQOKSAVALDTEFMRV--STYFPKLGLIQLYDGE 15
ORF/SCHPO 131 VSTESQLSDMLKELQNSKEIAVDLEHHDY - -RSFRGFVCLMOISNRE 16
PMSC_HUMAN 290 I[SSLDELVELNEKLLNCQEFAVDLEHHSY--RSFLGLTCLMQISTRT 16
Exol
structure eellhhhhhhhhhhhlii!eeeeeee!&l 111111leeeeeeell
* 1

DPO1_ECOLI 332 ILDEETLKAWIAKLEKAPVFAFDTETDSL--DNISANLVGLSFAIEP 27
DPOl_HAEIN 336 LLTQADLTRWIEKLNAAKLIAVDTETDSL--DYMSANLVGISFALEN 27
DPO1l/SYNSP 308 AQLEALVEELKKHTDADFPVAWDTETDSL--DPLVANLVGIGCAWGQ 26
DPOLl/TREPA 373 VTDPVELKRIIDCACANGVVAFDCETDGL- -HPHDTRLVGFSICFQE 59
DPO1l/BPT5 55 YTGKREEYIKMVYNMVIGPVAFDSETSAL--YCRDGYLLGVSISHQE 18
consensus UxxUUxxxURKRKROXXXDRXRUXKxFxrxx xxxUU-XXXXOXKX - XXX YAOXDXxXXUXUXKXUXXKX

©

WRNp LKMLLENKAVKKAGVGIEGDQWKLLRDFDIK- - LKNFVELTDVANKK 38 EDQKLYAATDAYAGFIIYRNLEILD 1201
RND/SYNSP  LTRLMEDPGITKIFHFARFDTAQLKHTFDIK--TYPIFCTKIASKIA 37 KAQLAYAANDVRYLIPLRHKLEKML 37
RND_ECOLI LKAILRDPSITKFLHAGSEDLEVFLNVFGEL- -PQPLIDTQILAAFC 35 ERQCEYAAADVWYLLPITAKLMVET 205
RND_HAEIN  FVALLANPKVLKILHSCSEDLLVFLOEFDQL- -PRPMIDTQIMARFL 35 DIQLOYAAGDVWYLLPLYHILEKEL 202
ORF/SCHPO LNVVFTNPNIIKVFHGATMDIIWLQRDFGLY - ~VVNLFDTYYATKVL 34 REMLKYAQSDTHYLLYIWDHLRNEL 329
PMSC_HUMAN LNESLTDPAIVKVFHGADSDIEWLQKDFGLY - -VVNMFDTHQAARLL 34 EEMLSYARDDTHYLLYIYDKMRLEM 405

ExoII ExoIIT
— o——
structure hhhhh111 hhhhhhh 11111 1hhhhh
* ! *

DPOL_ECOLI LKPLLEDEKALKVGONLKYDRGILANYGIEL--RGIAFDTMLESYIL 42 EEAGRYAAEDADVTLQLHLKMWPDL 412
DPOl_HAEIN IKPILENPNIHKIGQONIKFDESIFARHGIEL--QGVEFDTMLLSYTL 41 EQATEYAAEDADVTMKLOQALWLKL 411
DPOl/SYNSP LGEILGNAIYPKVLQONAKFDRRVLAHHGIEL--GGVVLDTMLASYVL 40 ETAGQYCGLDCYATYLLASKLOKEL 427
DPOL/TREPA LRRLWNDETLTLVMHNGKFDYHVMHRAGVFEHCACNIFDTMVAAWLL 39 ECAVRYAAEDADITFRLYHYLKLRL 509
DPOLl/BPT5 LOKILDSENHTIVFHNLKFDMHFYKYHLGLT - FDKAHKERRLEDTML 56 DIMWPYAAKDTDATIRLHNFFLPKI 524

F1G. 2. Previously undetected conserved domains and motifs in positionally cloned disease gene products. Alignments were constructed using
the MAcAW program. Unique identifiers for each sequence are shown. Distances to the ends of the proteins and distances between the aligned,
conserved blocks are shown by numbers. Conserved bulky hydrophobic residues (I, L, M, V, F, Y, W) are indicated by yellow shading and by U
in the consensus. Other conserved residues are shown in magenta. Other designations in the consensus: O, small residues (A, G, or S); +, basic
residues (K and R); —, acidic residues (D and E). (4) A putative ATP-binding domain in hereditary nonpolyposis colon cancer gene product
(HML1), MutL mismatch repair proteins, HSP90 chaperones, type II DNA topoisomerases, and bacterial histidine kinases. The sequences were
from the swiss-PrOT database: MLH1__HUMAN, human MutL homolog, colon cancer susceptibility gene product; PMS1__YEAST and
MLH1__YEAST, yeast mismatch repair gene products homologous to MutL; HEXB__STRPN, mismatch repair gene product from Streptococcus
pneumoniae; MUTL__ECOLLI, E. coli mismatch repair gene mutL product; HTPG__ HAEIN, HTPG__ BACSU, HS90__ THEPA, HS90__ CANAL,
and HS9A__HUMAN, molecular chaperones of the HSP90 family from Haemophilus influenzae, Bacillus subtilis, Theileria parva, Candida albicans,
and human; TOPB__ HUMAN, TOP2__DROME, GYRB__HALSQ, PARE__ECOLI, and GYRB__ECOLI, type II topoisomerases from human,
Drosophila melanogaster, Haloferax sp., and E. coli; SPHS__SYNP7 and PHOR__BACSU, histidine kinases involved in inducible alkaline
phosphatase production from Synechococcus sp. and Bacillus subtilis; PILS__PSEAE, histidine kinase involved in fimbriae biogenesis from
Pseudomonas aeruginosa; PHY1__TOBAC, tobacco phytochrome Al (histidine kinase homolog); ENVZ__ECOLI, osmolarity sensor histidine
kinase. Three motifs described in histidine kinases and phenotypes of E. coli envZ mutants (36) are shown below the alignment. Dominant-negative
mutations in MutL protein (37) are indicated by gray shading. Asterisks indicate amino acid residues that in E. coli GyrB are in direct contact with
ATP; two of such residues are in the spacer between motifs G; and G» (38). The secondary structure assignments are from the crystal structure
of the N-terminal fragment of E. coli GyrB (38); h, a-helix, e, extended conformation (B-sheet), and 1, loop. (B) A putative nuclease domain
conserved in Werner syndrome gene product (WRNp), bacterial RNase D, and DNA polymerase I. The sequences were from swiss-PROT (names
with underlines) or from GenBank (National Center for Biotechnology Information accession numbers indicated below). PMSC__ HUMAN, human
polymyositis and scleroderma autoantigen; RND__HAEIN, RND__ ECOLI and RND/SYNSP (gi 1001530), RNase D from H. influenzae, E. coli,
and Synechocystis sp.; ORF/SCHPO (gi 1256512), uncharacterized ORF product from Schizosaccharomyces pombe; DPO1__ECOLI,
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of sequence conservation—distinct domains are homologous
to single-domain proteins or to domains in proteins with
different domain architectures (Table 1; http://www.ncbi.nlm.
nih.gov/Disease_Genes).

Sequence Conservation and Homologs in Model Organ-
isms. Nearly all of the disease gene products show significant
sequence similarity to other proteins in current databases (Fig.
1C and Table 1), though for some, sequence conservation
involves only short motifs. Most of the disease genes also are
represented by highly similar homologs among the expressed
sequence tags and in rodents (ref. 31; http://www.ncbi.nlm.
nih.gov/Disease_Genes). Only 16 of the 70 proteins contain
domains with significant similarity (P < 0.001) to proteins with
known three-dimensional structure (ref. 32; http://www.pdb.
bnl.gov). Thus in spite of the rapid growth in the number of
known structures, homology modeling is not yet applicable to
the majority of disease gene products, and sequence similarity
search remains the principal route to functional inference (but
see examples below, in which structural implications were
made possible by iterative database screening).

We specifically assessed the similarity between the disease
gene products and their homologs in extensively sequenced
model organisms, namely the nematode C. elegans, yeast S.
cerevisiae, and bacteria. In each case, we sought to show which
homologs are direct counterparts of the given disease gene
product with a high level of similarity and the same domain
organization (orthologs), and which showed only a distant
similarity and/or are similar only to distinct domains or motifs.
The criteria for distinguishing orthologs from paralogs have
been discussed (33). Briefly, in a comparison of proteins from
two species, orthologs are expected to show: (i) significantly
higher similarity to one another than to any other sequence
from the second species; (ii) significantly higher similarity to
one another than to any sequence from phylogenetically more
distant organisms; (iii) alignment through the entire length of
the proteins, i.e. conserved domain organization. Each of these
criteria is critical for inferring the same function for orthologs
of functionally characterized genes.

The majority of positionally cloned gene products showed
sequence similarity to proteins from each of the model organ-
isms (Fig. 1C); typically, this similarity was significant by the
criteria used in BLAST2 searches (P < 0.001) but in several
cases, only conserved motifs were detected (Table 1 and
http://www.ncbi.nlm.nih.gov/Disease_Genes). In all cases
when we inferred an orthologous relationship, the similarity
between a disease gene product and its apparent ortholog was
highly significant (P < 10~!2 for C. elegans and yeast orthologs,
and P < 10 for bacterial orthologs). There are pronounced
differences in the representation of the disease gene set by
apparent orthologs in the nematode, on one hand, and in yeast
and bacteria on the other hand. Though the worm gene
collection is only about 50% complete, 36% of the disease
genes appear to have orthologs in C. elegans. It is likely that
nearly all conserved domain families already are represented
among the nematode sequences, but many individual genes are
still missing. Thus, with the completion of the C. elegans
genome, the fraction of human positionally cloned genes that
have worm orthologs is expected to increase substantially.

By contrast, in yeast, and especially in bacteria, apparent
orthologs were found only for a few of the disease genes (Fig.
1C, Table 1, and http://www.ncbi.nlm.nih.gov/Disease_
Genes). More frequently, the yeast or bacterial homolog
contains counterparts to only one domain or a subset of
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domains of a human protein, and conversely, the proteins from
the model organisms may have additional domains of their own
(Table 1 and http://www.ncbi.nlm.nih.gov/Disease_Genes).

Domain rearrangements are well documented for a number of
protein families, primarily from vertebrates (34). In our analysis
of the positionally cloned genes, which may be representative of
a significant subset of human genes, we observed that, at large
phylogenetic distances, such rearrangements appear to be a rule
rather than an exception. This may have important implications
for functional interpretation of the results obtained with ho-
mologs of disease genes in model organisms. Indeed, sequence
comparisons for 29 human genes that have been isolated by
functional complementation of yeast mutations indicated that 25
pairs of the human and yeast genes involved are likely orthologs
with a conserved domain architecture; in a few cases, human
paralogs of the respective yeast genes are also known but they do
not complement the mutations (http://www.ncbi.nlm.nih.gov/
Bassett/cerevisiae/). As most of the positionally cloned disease
genes do not have yeast orthologs (Fig. 1C), they are unlikely to
complement mutations in the yeast homologs. This is even more
applicable to bacterial systems.

Protein Functional Categories. More than one-half of the
disease genes encode proteins involved in various forms of cell
communication and signaling. These include intracellular reg-
ulators such as guanine nucleotide-releasing factors and GTP-
ase activators, and membrane and secreted proteins, such as
several receptors and transport system components. Genes
involved in genome replication, repair, and transcription are
represented by a few transcription regulators and DNA repair
proteins, whereas proteins involved in translation are absent
(http://www.ncbi.nlm.nih.gov/Disease_Genes).

For 11 proteins, no function has been reported or could be
confidently predicted by sequence analysis. In most of the
other proteins, even though some domains have known or
strongly predicted functions, others remain uncharacterized.
Only for a small subset of the disease genes, e.g., glycerol
kinase or PAX-6 protein (the product of the gene mutated in
aniridia), the functions are understood so thoroughly that
further insights through computer analysis are unlikely.

Previously Unknown Motifs and Functional Predictions for
Positionally Cloned Disease Gene Products. In this work,
previously undetected, conserved domains and motifs were
detected in a number of disease gene products. Some of these
findings suggest a new function and/or biochemical activity;
other motifs await functional characterization. Table 1 con-
tains the data on those of the disease gene products, for which
biologically relevant inferences are possible based on the
sequence conservation.

ATP-Binding Domain in a Colon Cancer Gene. The hered-
itary nonpolyposis colon cancer gene product (MLH1), which
is homologous to the bacterial mismatch repair protein MutL
(35), is predicted to contain an ATP-binding domain con-
served in the HSP90 family of chaperone proteins, type II
DNA topoisomerases, and signal-transducing histidine kinases
(Fig. 2A4). A position-dependent weight matrix produced by
PSIBLAST from the part of the BLAST2 output that included only
highly conserved sequences of MutL homologs retrieved nu-
merous sequences of histidine kinases, type II (ATP-
dependent) DNA topoisomerases, and HSP90 from the NR
database selectively and with low P values of 1074~1073, Each
of the three blocks with the highest sequence similarity be-
tween MutL, HSP90, topoisomerases, and histidine kinase

DPO1__HAEIN, DPO1/SYNSP, DPO1/TREPA, and DPO1/BPT5, DNA polymerase I from E. coli, H. influenzae, Synechocystis sp., Treponema
pallidum, and bacteriophage T5. The structural assignments are from the Klenow fragment structure (39); the designations are as in A. The three
aspartates that coordinate the two cations required for the 3’-5" exonuclease reaction by the Klenow fragment are indicated by asterisks; the two
residues directly involved in catalysis (40, 41) are indicated by exclamation marks. Exol, Exoll, and Exolll indicate the three motifs that are

conserved throughout the nuclease superfamily (42, 43).
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families corresponds to one of the conserved motifs in the
histidine kinases (44).

The ATP-binding site of E. coli DNA gyrase maps to the
N-terminal fragment of the B subunit, and the crystal structure of
this fragment complexed with an ATP analog has been deter-
mined (38). Each of the conserved motifs in our alignment
contains residues that are in direct contact with ATP (Fig. 24). In
the gyrase, the loop in motif G; interacts with the phosphates, the
conserved Asp in Gj interacts with the amino group of adenine,
and Asn in motif N is involved in Mg?* coordination (ref. 45; Fig.
2A). The flexible loop in Gy, which is the most conserved element
in the four protein families, is not in direct contact with ATP, and
its function will be of further interest.

These findings are compatible with the prediction of an
ATP-binding domain in MLH1 and its homologs and suggest
that the function of these proteins in DNA repair includes ATP
hydrolysis and phosphoryl transfer; furthermore, MLH1 may
be autophosphorylated as demonstrated for histidine kinases
and HSPY0 (46, 47). The recent analysis of random dominant-
negative mutants of the E. coli MutL protein (37) showed that
most of the mutations concentrated in the three conserved
motifs in the predicted ATPase domain (Fig. 2A4).

A Nuclease Domain in Werner Syndrome Protein. A N-
terminal nuclease domain homologous to bacterial RNAase D
and 3'-5' proofreading exonuclease domain of bacterial DNA
polymerase I (PolA) was predicted in the Werner syndrome gene
product (WRNp; ref. 48), which also contains a C-terminal
helicase domain (Fig. 2B). The N-terminal, globular domain of
WRNp showed significant similarity to the Synechocystis sp.
RNase D (P value 6 X 1073). The subsequent PSIBLAST search
detected the similarity to other RNases D and to the 3'-5’
proofreading exonuclease domain of PolA (Fig. 2B and Table 1);
the latter belongs to a superfamily of exonuclease domains in a
variety of DNA polymerases, which also includes bacterial
RNAase T (42, 43). The crystal structure of the Klenow fragment
of PolA including the 3'-5" exonuclease domain has been deter-
mined (39), and the residues involved in the positioning of the two
divalent cations required for catalysis and in the phosphodiester
bond cleavage have been defined by structural analysis and
site-directed mutagenesis (40, 41). All these residues are con-
served in WRNp (Fig. 3B), suggesting that this protein possesses
an active exonuclease domain, in addition to the helicase domain
(Fig. 2B). The combination of predicted nuclease and helicase
domains suggests that WRNp may be involved in DNA repair or
RNA processing. Interestingly, a homologous nuclease domain
was found in the human polymyositis/scleroderma autoantigen,
a nucleolar protein (ref. 45; Fig. 2B); scleroderma symptoms are
prominent in Werner syndrome patients (OMIM 277700).

CONCLUSION

Application of an iterative strategy, which combines protein
sequence segmentation, enhanced versions of BLAST search,
methods for motif analysis, and specialized databases, to the
analysis of protein sequences encoded by positionally cloned
human disease genes resulted in the detection of a number of
previously undetected, to our knowledge, conserved motifs and
several predictions of disease gene functions. Most of the disease
gene products show significant similarity to proteins from the
nematode C. elegans, yeast, and bacteria. Only in the nematode,
apparent orthologs with conserved domain organization were
detected for the majority of the disease gene products. In the yeast
and bacterial homologs, changes in domain architecture are
typical. The choice of an optimal system for studying human gene
functions will depend on whether the human gene has an ortholog
or only paralogs in a particular model organism.
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